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ABSTRACT 

The process of dissolution mass transport along a 
vertical steel structure submerged in a large molten 
aluminum pool is studied theoretically. A mathemat- 
ical model is developed from the conservation laws 
and thermodynamic principles, taking full account of 
the density variation in the dissolution boundary layer 
due to concentration differences. Also accounted for 
are the influence of the solubility of the wall material 
on species transfer and the motion of the solidniquid 
interface at  the dissolution front. The governing equa- 
tions are solved by a combined analytical-numerical 
technique to determine the characteristics of the disso- 
lution boundary layer and the rate of natural convection 
mass transfer. Based upon the numerical results, a cor- 
relation for the average Sherwood number is obtained. 
It is found that the Sherwood number depends strongly 
on the saturated concentration of the substrate a t  the 
moving dissolution front but is almost independent of 
the freestream velocity. 

INTRODUCTION 

The problem of dissolution of steel o r  ferrous alloys 
in molten aluminum is of considerable practical im- 
portance in conjunction with the casting of aluminum, 
corrosion of high-temperature coqainers, and safety 
analysis of advanced nuclear reactors. In a postulated 
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core-meltdown accident in a heavy water reactor, for 
example, it is envisioned that a pool of molten alu- 
minum .would form in the lower head of the reactor 
vessel. Owing to decay heating of the radioactive ma- 
terials that are dissolved in the molten aluminum, the 
pool is likely to  be maintained a t  temperatures above 
the melting point of aluminum (Le., 933K) for a sus- 
tained period of time. During this high-temperature 
period, the lower head could suffer appreciable erosion 
due to the dissolution of the wall material (usually 
carbon steel) in the molten aluminum. To assess the 
integrity of the reactor vessel, it is essential to under- 
stand the phenomena of dissolution mass transport and 
to  determine the rate of dissolution. 

Very few studies of dissolution mass transport in 
liquid-metal systems have been performed in the past. 
Gairola, Tiwari, and Ghosh (1971) measured the rate 
of dissolution of a vertical nickel cylinder immersed 
in molten aluminum under free convection conditions. 
They found that the dissolution rate is dictated by mass 
transfer in the concentration boundary layer. Niinomi 
and Ueda (1982) performed measurements to examine 
the product layers formed by dipping ferrous alloys into 
molten aluminum. They demonstrated the need to  clar- 
ify the dissolution process of ferrous alloys into molten 
aluminum in order to improve the resistance of ferrous 
alloys against molten aluminum. Niinomi, Ueda, and 
Sano (1982) studied the controlling kinetic step of the 
dissolution of ferrous alloys in molten aluminum. They 
employed the natural convection mass transfer correla- 
tion of Ravoo et al. (1970) to analyze their data and 
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concluded that the dissolution process is controlled by 
the diffusion of iron in molten aluminum. The va- 
lidity of the correlation of Ravoo e t  al., however, is 
questionable since the correlation does not account for 
the moving boundary at  the dissolution front. Niinomi, 
Suzuki, and Ueda (1984) investigated the dissolution of 
ferrous alloys in molten aluminum under forced flow 
conditions. They confirmed the fact that the diffusion 
of iron in the molten phase is the controlling mech- 
anism of the dissolution process. Recently, Dybkov 
(1990) measured the dissolution of stainless steel in 
molten aluminum in the temperature range of 970 to 
1120K. He found that the dissolution process is non- 
selective, i.e., all the constituents of the stainless steel 
dissolve into the molten aluminum in the same ratio 
as they are present in the solid phase. Furthermore, 
the solubility of stainless steel in molten aluminum was 
observed to be almost the same as the solubility of iron 
in molten aluminum. 

All of the above studies are experimental, dealing 
primarily with the extent of dissolution under given 
flow conditions. Thus far, no theoretical work ex- 
cept the one reported by Cheung et  al. (1993) has 
been performed to discern the fundamental aspects of 
the dissolution process in liquid-metal systems and to 
identify the dependence of the mass transport on the 
controlling parameters of the system. The work of Che- 
ung et  al. (1993) focussed primarily on the effects of 
freestream conditions on the dissolution process. The 
dependence of the Sherwood number on the key con- 
trolling parameters of the system was not studied. To 
fill this gap in our knowledge, the characteristics of 
a dissolution boundary layer on a vertical steel struc- 
ture submerged in a large pool of molten aluminum 
is investigated analytically in this study. The primary 
objective is to derive a correlation for the Sherwood 
number. 

A dissolution boundary layer on a vertical substrate 
exhibits many unconventional features compared to 
the classical natural convection boundary layers (Geb- 
hart et al. 1988). First, the boundary layer flow 
is concentration-driven rather than temperature-driven. 
Second, the fluid density is not a constant but varies lo- 
cally with the concentration of the substrate. Although 
the fluid can be treated as incompressible, the den- 
sity variation in the dissolution boundary layer needs 
to be considered. Third, the solidfliquid interface is 
not fiied in space but is moving-toward the interior 
of the plate as dissolution proceeds. Finally, the max- 
imum concentration of the substrate is limited by the 
saturation value at  the system temperature. Thus the 
species transfer is strongly influenced by the solubil- 
ity of the wall material. These unique features bring 

about a strong coupling of the hydrodynamic and mass 
transport processes. 

This paper presents a dissolution model that includes 
all .of the above features. A combined analytical- 
numerical technique is employed to solve the equations 
governing the natural convection mass transfer process. 
The final goal is to  obtain a correlation for the dis- 
solution mass transfer coefficient @e., the Sherwood 
number) as a function of the controlling parameters of 
the system. 

MATIIEhfATICAL MODEL 
A schematic of the physical system under considera- 

tion is shown in Fig. 1. The substrate is a vertical steel 
plate that is submerged in a large pool of otherwise 
quiescent molten aluminum. The dissolved material 
(Le.? steel-aluminum solution) flows downward along 
the plate due to the effect of buoyancy as a result 
of concentration-induced density gradients within the 
solution layer. To facilitate mathematical formulation 
of the problem, the dissolution process is treated to 
be steady and the dissolution front @.e., solidfliquid 
interface) to remain vertical. These simplifications are 
deemed appropriate since the dissolution process is usu- 
ally very slow and the extent of wall erosion is small 
compared to the length of the plate. A twodimensional 
Cartesian coordinate system moving with the dissolu- 
tion front is employed such that the interface is always 
located at  y = 0 (see Fig. 1). In this coordinate system, 
the transverse component of the velocity a t  the solid 
surface is no longer zero but has a value equal to the 
local dissolution velocity, uw. One major objective of 
the present study is to determine the axial variation of 
21, as a function of the system parameters. 

For a binary system (Le., steel and aluminum system), 
the local density of the fluid can be expressed by 

P = Po0 11 - (1 - P m / P w ) c l - '  (1) 

where poO is the density of the ambient fluid (Le., 
molten aluminum), pw the density of the wall (Le., 
the steel substrate), and C the mass fraction of the 
substrate in the solution layer. Assuming a steady, 
two-dimensional, laminar boundary flow, the continuity 
equation can be written as 

where (u ,  U) are the velocity components in the stream- 
wise and transverse directions, (t, y), respectively. For 
a concentration-driven flow, the streamwise momentum 
equation can be written as 



where p is the viscosity of the fluid, g the acceleration 
due to gravity, and p the bulk density given by Eq. (1). 
From the conservation of species, the mass fraction is 
governed by the following concentration equation 

ac ac d2C 
ax ay dY2 

U- + v -  = D- (4) 

where D is the mass diffusivity of the binary system. 

The coordinate system is chosen to move with the 
dissolution front such that the solid surface is always 
located at  y = 0. Relative to this coordinate system, 
the initial and boundary conditions are 

r = O  or y-too:  u = O ,  C=O (5a) 
y = o :  u = o ,  c=cs (5b) 

where C, is the saturated concentration at  the 
solidfliquid interface and vo is the fluid velocity at  the 
solidfliquid interface induced by dissolution. This quan- 
tity is given by 

where ps is the fluid density at  the interface, Le., 

ANALYSIS 

The governing system, Eqs. (2) to (3, can be con- 
verted into a system of ordinary differential equations 
by invoking the following similarity transformation: 

(9) 

z; = 1 - (1 - p m / p w ) C  (12) 

where q is an independent similarity variable, Gr, a 
local Grashof number, v the kinematic viscosity of the 
fluid, f(q) an unknown function of q to be deter- 
mined in the course of analysis, es a modified sat- 
urated concentration, SC the Schmidt number of the 
fluid, and V, a dissolution constant. The expressions 
for Gr,, cs, SC, and V, are given respectively by 

3 2  Gr, = g (1 - cs) x /v , 

Note from Eq. (Sc) that with respect to the moving 
coordinate system, the transverse velocity at  the solid 
surface is not zero but has a value equal to vo. 

The value of Cs in Eq. (Sb) is a function of the inter- 
face temperature, Ti, which is assumed to be the same 
as the pool temperature @.e., the system is treated to 
be isothermal). Since the solubility of steel in molten 
aluminum is not availabie in the temperature range 
under consideration (Le., 933K 5 T; 5 1700K), the  
finding of Dybkov (1990) is employed. The saturated 
concentration of steel in molten aluminum is taken to 
be the same as the saturated concentration of iron in 
molten aluminum. Using the experimental data for the 
solubility of iron in molten aluminum a t  high tem- 
peratures (Hatch 1988, Dybkov 1990), the following 
correlation was obtained by data fitting using the least 
squares technique (Tutu 1991): 

T; - 1823 
C, = 0.916exp [- ( 446 )'I 

where 7; is in degree Kelvin. The above expression 
is valid over the temperature range of 933K 5 T; 5 
1823 K. 

To simplify the analysis, an average value of v inde- 
pendent of the concentration is used for the kinematic 
viscosity of the fluid. 

With Eqs. (2), (lo), (11) and (12), the continuity 
equation is satisfied automatically. Equations (3) and 
(4) become 

(14) 

(15) 

The boundary conditions are 

q =0: f(0) =O, f'(0) =0,  e =  cs (16a) 

q-+oo :  f'(m)=O, E = 1  ( 16b) 

where f' denotes the total derivatives off with respect 
to q. For given values of poo/pwr Sc, and cs, Eqs. (14) 
and (15) can be integrated simultaneously using the  
boundary conditions given by Eq. (16) to determine 



the distributions of f(v) and e(q) in the dissolution 
boundary layer. Once (?(,I) and is known, the dissolu- 
tion constant can be calculated from Eq. (13b). Note, 
however, that the unknown quantity Vo also appears in 
Eqs. (14) and (15). Thus, an iterative procedure must 
be employed in the numerical integration of these equa- 
tions. This is done by assuming an initial trial value 
for V,, and the numerical iteration is carried out using 
the Secant shooting method. The correct value of V, 
is chosen such that Eq. (13b) is satisfied. 

According to Dybkov (1990), the local dissolution 
mass transfer coefficient is defined by 

where C(o0) is the ambient fluid concentration. Phys- 
ically, psu0 is the mass flux of the substrate due to 
dissolution and the quantity in  the denominator repre- 
sents the difference in the  substrate concentration by 
volume across the dissolution boundary layer. In the 
present case, the ambient fluid concentration is zero, 
Le., C(o0) = 0. Eq. (17) reduces to 

where Eq. (5c) has been employed in obtaining the 
above expression. From Eqs. (9), (12) and (13b), the 
local dissolution mass transfer coefficient is given by 

For a vertical substrate having a total length of L, the 
average dissolution mass transfer coefficient is 

- l L  
h, = z/, h,dx 

From Eqs. (13a) and (19), it can be shown that 

where GrL is the overall Grashof number defined as 

G ~ L  = g (1 - es) L3/v2  

It follows that the average Sherwobd number is given 
bY 

Note from Eqs. (13) to (16) that V, is a function 
of poo/pw, Sc, and es. Thus, the average Sherwood 
number can be correlated in the following form 

The functional form of II, will be determined by corre- 
lating the present numerical results. 

RBULTS AND DISCUSSION 

Numerical calculations have been performed for a 
stellmolten aluminum system for which the value of 
poO/pw is about 0.3. Various system temperatures cov- 
ering the range of 933 K 5 T; 5 1700 K have been con- 
sidered. In this temperature range, the Schmidt number 
varies approximately from 300 to 110 (see Hatch 1988) 
whereas the saturated concentration, C,, varjes from 
0.017 to 0.85. The corresponding value of C, varies 
from 0.99 to 0.40. For a given system temperature, 
Eqs. (14) and (15) can be integrated numerically to 
determine the profiles of f ( q )  and &q), from which 
the value of 1/, can be calculated using Eqs. (13b) and 

Figs. 2 to 5 show the distributions of f'(q) and e(q) 
in the dissolution boundary layer at  various system tem- 
peratures. Physically, f'($ is proportional to the axial 
component of the local velocity. For = 1OOOK 
(Fig. 2), corresponding to the case of S c  = 260 and 
C, = 0.979, the value of f' increases from zero at the 
soIid surface (i.e., = 0) to a maximum value of 0.0265 
at q = 0.4, It then decreases gradually to zero at  about 
q = 3.1. Meanwhile, the value of 2; increases mono- 
tonically with q and approaches its asymptotic value of 
unity at around = 0.75. From Eqs. (9), (11) and 
(12), it can be shown that the dimensionless momen- 
tum boundary layer thickness, 6, is about 3.1 whereas 
the dimensionless concentration boundary layer thick- 
ness, &, is 0.75. The fact that 6 is considerably larger 
than 6, is expected as SC = 260. Assuming that the 
ratio 6/6, can be correlated to SC in a power-law form, 
i.e., 

(25)- 

- 

6/Sc = (Sty (26) 

the value of 11 is calculated to be 0.25 in this case. 

For Ti = 1300K (Fig. 3), corresponding to the case 
of SC = 160 and = 0.84, the maximum value of 
f'(q) is found to be 0.036, which is larger than that 
for Ti = 1OOOK This implies that a higher velocity is 



induced in the boundary layer by the dissolution pro- 
cess. Evidently, as the system temperature is increased, 
the concentration difference across the boundary layer 
increases, resulting in a larger driving force for the  
flow. From Fig. 3, it can be seen that the dimen- 
sionless memontum boundary layer thickness is about 
3.4 whereas the dimensionless concentration boundary 
layer thickness is 0.80. With these values for 6 and 
6,, n is calculated to be 0.28, which is higher than the 
value of 0.25 for the case of Ti = 1OOOK. 

As the system temperature is further increased, the 
induced velocity increases appreciably. For = 1500K 
(Fig. 4), corresponding to the case of SC = 130 and 
C, = 0.62, the maximum value of f ' ( q )  is 0.043 whereas 
for = 1700K (Fig. 5) ,  corresponding to the case of 
SC = 110 and es = 0.40, the maximum value of f ' (q)  
is 0.096. The value of 6 for Ti = 1500 is 4.6 and it is 
5.1 for Ti = 1700K. The corresponding values of 6, are 
0.92 and 0.95, respectively. With these values for 6 and 
6,, n is calculated to be 0.33 for = 1500K and 0.36 
for r; = 1700K Evidently, the value of n in Eq. (26) 
is not a constant but an increasing function of the 
system temperature. The fact that n does not remain 
constant indicates the existence of a more complicated 
functional relationship between 6/6, and Sc. Because 
of the highly nonlinear coupling of the hydrodynamic 
and mass transport processes, the ratio 6/6, cannot be 
related to  the Schmidt number in a simple form such 
as the one given by Eq. (26). 

For a steel/molten aluminum system, pm/pw is ap- 
proximately equal to 0.3. From Eqs. (13a) and (25), it 
can be shown that 

- 

$=--  2Jzvo - $(Sc, CS) 
3 c, 

From Eqs. (24) and (27) and with anticipation of Sh oc 
Sc1i4, it may be postulated that 

where F(C,) is an unknown function of C, alone. A 
plot of $SC-'/~ versus (1 - C,) is shown in Fig. 6, 
where the circles represent the numerically determined 
values of I,6 Sc-li4. These numerical data are obtained 
by calculating the value of V, and thus the value of 11, at 
various system temperatures, corresponding to different 
sets of SC and C,. The scatter of-the numerical data 
is evidently due to  the weak dependence of $Sc1l4 on 
the Schmidt number, Le., F(Cs) is not a function of C, 
alone. For practical purposes, however, I,6 Sc-'l4 can 
be treated to be a function of Cs alone by ignoring 
the scatter of the numerical results. By correlating 

the numerical data in a log-log plot, a straight line is 
obtained over the range 0.017 < C, < 0.85 where 

~5 Sc-'i4 = 0.3(1- Cs)-3/4 (29) 

From Eqs. (24) and (29), a correlation for the average 
Sherwood number can be obtained. -This is 

Sh = 0.3( 1 - C,)-3/4Sc'/4Gr'/4 L (30) 

The above result indicates that the average dissolution 
mass transfer coefficient is a strong function of the sat- 
urated concentration of the substrate at the solid/liquid 
in terrace. 

It is of interest to generalize the above results to 
include the effect of freestream velocity. This can be 
done by allowing U(Z,OO) > 0 in Eq. (5a) o r  equiva- 
lently, f'(oo) > 0 in Eq. (16b). The computed velocity 
and concentration profiles for the case of T = 1700K 
are shown in Fig. 7 where the freestream velocity f'(.o) 
is treated as a parameter. At 1700K, the peak velocity 
induced by the dissolution process is about 0.096 within 
the concentration boundary layer. Thus, a freestream 
velocity of 0.5 is more than five times larger than the 
induced peak velocity. As is evident from Fig. 7, the 
local peak velocity near the dissolution front is only 
slightly affected by the value of f'(co) in spite of the 
relatively large freestream velocities. The local velocity 
profile is basically the same in the vicinity of the dis- 
solution front. As a result, the freestream velocity has 
very little effect on the concentration profile, as can 
be seen in the figure. It follows that Eq. (30) remains 
valid for the case of f'(m) > 0. This is true so long 
as the forced convection effect is not overwhelming. A 
physical explanation for the above results is that the 
freestream velocity cannot directly influence the fluid 
elements adjacent to the dissolution front since the 
dissolution boundary layer is much thinner than the 
velocity boundary layer. 

CONCLUSIONS 

A physical model has been developed to describe the 
process of dissolution mass transport in a steeVmolten 
aluminum system. Based upon the results of the present 
study, the following conclusions can be made. 

1. The flow induced by the dissolution process is a 
strong function of the system temperature. This 
is due to the fact that the solubility of the wall 
material given by the phase diagram of the binary 
system is uniquely determined by the system tem- 
perature. A higher velocity is induced as the system 
temperature is increased. 

2. The momentum boundary layer is considerably 
thicker than the concentration boundary layer. This 

' 
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is typical for liquid metal systems whose Schmidt 
numbers are usually much larger than unity. The 
ratio of the boundary layer thicknesses, S/&, can- 
not be correlated to the Schmidt number in a sim- 
ple power-law form, evidently due to the highly 
nonlinear coupling of the hydrodynamic and mass 
transport processes. 

3. The average Sherwood number not only depends 
on the Grashof number and Schmidt number but 
is also a strong function of the saturated concen- 
tration of the substrate at  the dissolution front. 
Over the range of 0.017 < C3 < 0.85, the aver- 
age Sherwood number can be correlated to these 
three controlling parameters in the form given by 
E¶- (30). 

4. The average Sherwood number is almost indepen- 
dent of the freestream velocity, provided that the 
forced convection effect is not overwhelming. Thus, 
the dissolution mass transfer correlation given by 
Eq. (30) remains valid for the case in which the 
ambient fluid is not quiescent. 
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Molten Aluininum Pool 

Figure 1. A Schematic of the Steel/Molten Aluminum 
System Showing the Configuration of the Dissolution 
Boundary Layer 
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Figure 2. Velocity and Concentration Profiles in the 
Dissolutioii Boundary Layer at 1000 K 
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Figure 3. Velocity and Concentration Profiles in the 
Dissolution Boundary Layer at 1300 K 
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Figure 5.  Velocity 'and Concentration Profiles in the 
Dissolution Boundary Layer at 1700 K 

1 ,  1 

D h 

0 i 6 8 10 
v 

Figure 7. Elfect of the Freestream Velocity on the 
Concentration and Velocity Profiles 


